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ABSTRACT 
INVESTIGATION OF A STRESS BASED FAILURE CRITERION 
FOR SHEET METAL 
by 
Matthew John Derov 
University of New Hampshire, May, 2008 
Tearing failure in sheet metal forming has traditionally been predicted based on the strain 
state of the material. However, a concern with this failure prediction method is that the 
strain based forming limit curve exhibits significant strain path dependence. An 
alternative criterion has been proposed that is based on the stress in the material and has 
been shown to be less sensitive to the deformation path; however, it has not yet been 
experimentally validated. An innovative analytical approach to obtaining both a stress 
and strain based forming limit criterion has been developed. This method not only 
captures the path insensitivity of the stress based forming limit curve, but also allows for 
an understanding of why the strain based forming limit curve is path sensitive. The 
model has shown to match experimental results. In addition, preliminary work has been 
done on a bi-axial tensile device to validate the model and the path insensitivity of the 
stress based forming limit criterion. With the completion of this work, it will be clear 
that the stress based forming limit criterion is the most universal means of failure 
prediction in sheet forming of complex geometries. 
xi 
CHAPTER 1 
INTRODUCTION AND BACKGROUND 
One of the most important manufacturing processes in the automotive, aerospace, and 
appliance industries is the process of sheet metal forming. Strain based Forming Limit 
Diagrams (FLDs), which are a plot of major and minor in-plane strain with respect to the 
sheet at failure, are standard in industry when assessing forming severity during die 
tryout and production. The strain levels are physically measured using optical or digital 
techniques (e.g., digital imaging correlation). If the strain state at a given location in the 
material is above the Forming Limit Curve (FLC), the material is expected to fail due to 
tearing. Refer to Fig. 1-1 for examples of strain based FLCs from Graf and Hosford [1]. 
Keeler [2] developed a standardized method to produce a strain based FLD. A series of 
dome height experiments with varying widths are performed on a given material to vary 
the strain paths and obtain the predictions of strain before failure. The strains at failure 
are measured and plotted as points on the strain based FLD. The curves in Fig. 1-1 
represent strain based FLCs for as-received material as well as various cases of 
prestrained material. 
A major concern with the strain based failure approach is that the FLCs exhibit 
significant strain path dependence. During forming of complex geometries, sheet 
materials often undergo a series of operations before the final part is produced. Each step 
1 
in the process changes the strain path to failure, thus shifting and changing the shape of 
the strain based FLC. Figure 1-1 shows how drastic an effect prestrain can have on the 
FLCs. 
Marciniak and Kuczynski [3] developed an analytical model to predict these diagrams 
without the use of extensive experiments. By imposing conditions on strain along with 
the knowledge of a material defect, a strain based FLC is obtained. This model has been 
shown to match experimental data with reasonable agreement and it is well known how 
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Figure 1-1: Strain-based FLCs for various uniaxial (U), equi-biaxial (E), and plane strain 
(P) prestrain cases [1]. 
The M-K model also accurately captures the effects of prestrain On the location and shape 
of the FLC [5]. Other research has shown that the strain based FLD can be used in FEM 
analyses to predict tearing concerns in numerical simulations when multiple strain paths 
are present [6]. However, computation time increased significantly as the strain paths for 
each element must be considered in order to accurately predict failure. These methods 
prove to be very complex when designing a forming process with multiple operations. 
An alternative to the strain based FLD is one that is based on the stress in the material. 
Stoughtbn [7] analytically converted the curves from Graf and Hosford to stress space 
and showed that a stress based FLD is less sensitive to deformation path, see Fig. 1-2. 
Note that E-3 (equi-biaxial to 12% prestrain) is an outlier presumably due to the high 
prestrain value. Recently, the stress based FLD has been used in finite element model 
predictions for tube hydro forming [8]. Results from this work have shown good 
agreement with experiments in prediction of failure location and forming pressure. 
Numerical simulations that incorporate a stress based FLD have been shown to be less 
computationally taxing and still achieved results that match experimental data. These 
methods however, still would require knowledge of the existing strain based FLC of a 
given material. Thus a means to analytically predict a stress based FLC is needed. 
In addition, one major criticism of the stress based FLC is the fact that it has riot yet been 
experimentally validated. The conversion from strain to stress requires the assumption of 
a plasticity and hardening models, and although all curves degenerate to a single stress 
based FLC, the shapes of the stress based FLC varies depending on the material models 
2 
used, see Fig. 1-3. The dome height experiments have no direct method to measure the 
amount of stress applied to the material. An experimental setup with the ability to 
measure the applied loads in the principle directions is necessary to obtain information 
about the stress in the material at failure. With simultaneous measurement of strain as 
performed in the dome height experiments, the best fitting plasticity and hardening 
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Figure 1-2: Eleven strain-based FLCs from Graf and Hosford degenerate to one curve in 
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Figure 1-3: Effect of yield criterion on stress based FLC. 
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In this thesis, an original analytical model that directly predicts the stress based FLD is 
presented. To validate the model, FLC predictions are compared with widely accepted 
experimental data from Graf and Hosford. In addition, the effect of varying input 
parameters into the model is thoroughly investigated. The predicted stress based FLC are 
then converted to strain space with specified prestrain values in order to understand the 
nature of the shifting and changing shapes of the path dependent strain based FLCs. 
Finally, in addition to the theoretical work presented, this thesis will present preliminary 
details on a bi-axial experimental setup to experimentally characterize the less 




2.1 An Analytical Model for a Stress Based Failure Criterion 
As mentioned previously, the goal of the M-K model was to predict a FLC that is based 
on how much strain could be applied to the material. Consequently, a condition of strain 
was applied to the material to begin computations, and the material was assumed to fail 
when a concentration of strain in the defect was reached. Because the goal of our model 
is to predict a FLC based on stress, logically, the first step is to apply a state of in-plane 
stress. The material will then be assumed to fail when a concentration of stress in the 
defect is reached. 
The condition for failure is based on the premise that there exists a defect (region B) in 
the material that experiences a concentration of stress greater than the surrounding 
material (region A). This assumption is similar to the thickness defect of the M-K model. 
The "defect" of this model (See Fig. 2-1) is less restricted, as it could be microstructural 
in nature, rather than a physically thinner area of material (which would be unlikely in 
well formed sheets). It is also assumed that the general material properties inside and 
outside the defect are the same. 
5 
Figure 2-1: A defect causes a stress concentration in region B of the material. 
The goal of the calculation is to find the sets of OJA and O"2A that result in a stress 
concentration factor, F, which corresponds to failure. The stress a2A is applied, while the 
stress aiA is guessed. The stresses and strains outside the defect can then be computed. 
First the effective stress is calculated: 
<*A = i a \ A + ^A ~ ^XA^IA 
<TA=J<TIA + 
2 . 1+^*90 r0 





for von Mises and Hill's anisotropic yield criteria respectively. The over bar denotes the 
effective stress or strain. The parameters r0 and rg0 are defined as the ratio of the width to 
thickness strains after a uniaxial tensile test longitudinal and transverse to the sheet 








An explicit relationship between the stress ratio and strain ratio (p) exists: 
« . 
PA 
2aA - 1 
2-aA 
1 + — 
V r90 J 
(2-3) 
1 + cr 
for von Mises and Hill's yield criteria respectively. From the power hardening law, the 
effective strain can be defined: 
s A = (2-4) 
where K and n are the power hardening coefficient and the strain hardening exponent 
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All stresses and strains outside of the defect have now been obtained. To begin 
computations inside the defect, the stress concentration factor, F, is introduced as: 
7 
aA=F-(TB (2-7) 
More details and discussions related to this F parameter will be provided in Section 3.2. 
Using a power hardening model and assuming the material parameters are the same 
inside and outside the defect, a relationship for the effective strains can then be obtained: 
eA 
= FY»&) (2-8) 
Next, similar to the M-K model, it is assumed that the £2 both inside and outside of the 
defect are equal (£2A = £2B) With the knowledge of the effective strain and minor strain 
within the defect, a quadratic equation can then be used to solve for the major strain in 
the defect: 
eB ~ 1/ _ \£IB + S1B + E\Be2B ) 
(2-9) 
T- K1 + roX1 + r9o) L2 1 l'+r0 r9o , 2r90 
bB — J
 t , ilfclfi 1 . b2B~r1 , blBb2B 
for von Mises and Hill's yield criteria respectively. Now, the strain ratio (minor strain to 
major strain, ps) and stress ratio inside the defect can be computed from similar 
relationships to Eq. (2-3), but for region B. Furthermore, the power hardening model can 
be used to obtain the effective stress in region B: 
Tn=Ke\ (2-10) 
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Equations (2-5) and (2-6) can then be used inside the defect to obtain aiB and O2B- All 
parameters are now known, however these calculations can be performed for any 
specified stresses (crM, <J2A) outside the defect. To determine if this stress state is 
consistent with the physical condition, a force balance in the 1-direction (see Fig. 2-1) is 
used to compare the assumed ou to one calculated (<JIA°) based on the stress and strain 
values computed in the model. 
<7i/=0"u»exp(s3fl-s3J (2-11) 
If these major stresses (cu and 07/) are not within a small error, the guess of O\A is 
modified and the process is repeated. When the values coincide, the conditions for 
failure have been met and the values outside the defect are recorded as the failure stresses 
and strains. The minor stress (O2A) is then incremented to continue calculating additional 
failure points on the stress based FLC (see Fig 2-2). 
° i 
0"1A (failed). 
Gl A (guess) 
G"2A 0 2 
Figure 2-2: Incremental path showing how to calculate the stress based FLC. Once one 
set of failure points is found, the G2A is incremented and another set is calculated. 
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2.2 Converting from Stress to Strain Based FLCs 
Previous work has shown the degeneration of several path dependent strain based FLCs 
(i.e. various prestrain values) into a single, path independent stress based FLC, see Fig 1-
2. The ability to analytically predict this phenomenon is also of interest. This conversion 
of stress to strain would allow for a deeper physical understanding why the curve shifts 
and the shape changes. In addition, an analytical model to predict a single stress based 
FLC could also be backwards converted to predict the shifting and used as an additional 
validation of the analytical model with experimental data. 
With known points on the stress based FLC, as well as specified values of prestrain in the 
material, the conversion of the FLC to strain space can be performed. The same 
equations are used for this conversion as were utilized in the model to predict the stress 
based FLD, but without the specification of the region of material. The procedure is as 
follows: 
1. First, calculate the effective prestrain in the material (Eq. 2-9). 
2. Determine the stress ratio (Eq. 2-2). 
3. Calculate the effective stress state (Eq. 2-1), for the entire material, not just a 
region. 
4. Calculate the strain ratio, p (Eq. 2-3). 
5. Calculate the effective strain using the power hardening model as follows. 
- (if ~ 
£
~\K\ S° (2-12) 
10 
6. The effective strain is also known in terms of the yield criterion as follows. 
£
 = (si-£io)^{l + P + P2) 
f^ (^\F?S r90 1 + r90 (2-13) 
7. Using the result from step 5 with step 6, the major strain can then be calculated. 
8. Calculate the minor strain using Eq. 2-14. 
E2 g 2,o (2-14) 
This process would be repeated for each point along the stress based FLC. 
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CHAPTER 3 
COMPARISON WITH EXPERIMENTAL DATA 
3.1 Comparisons with Experiments 
To verify the validity of the model, the widely used experimental data reported from Graf 
and Hosford for Al 2008-T4 was compared with the results from the model. The model 
assumes a power hardening law («=0.285 and K=539 MPa) and Hill's anisotropic yield 
criterion (with anisotropic parameters r0=0.58, r45=0AS, and rpo=0.78) for the material. In 
addition, the stress concentration factor F was chosen to be 0.85. Further explanation of 
this parameter can be found in the next chapter. Figure 3-1 shows a comparison of the 
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Figure 3-1: Analytical and experimental strain based FLCs. 











Stoughton [9] showed a closed form solution to convert the experimental strain FLC to 
stress space. Figure 3-2 shows the results of this conversion plotted with our analytically 
predicted stress based FLC. It should be noted that Hill's anisotropic yield criterion and a 
power hardening model were also assumed for the conversion of experimental data from 
strain to stress space. Other material models could be substituted into the analytical 
models and similar agreement would be expected. Note that the plasticity and hardening 
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Figure 3-2: Analytical and "experimental" (i.e., converted data from strain to stress 
space) FLCs. 
As previously mentioned and shown in Fig. 1-1, when subjected to various prestrains, the 
strain based FLCs of the Al 2008-T4 shift and change shape in strain space. Of course, it 
13 
would be impossible to conduct dome forming experiments for every single case of 
prestrain to be able to fully characterize a material. Our analytical model is able to 
accurately predict this shifting and shape change without conducting the dome forming 
experiments. 
Graf and Hosford [1] characterized the Al 2008-T4 alloy for fourteen different prestrain 
cases. Cases of plane prestrain (P), uniaxial prestrain (U), and equi-biaxial prestrain (E) 














































Table 3-1: Cases of prestrain considered for Al 2008-T4 dome forming experiments by 
Graf and Hosford [1]. 
The case of no prestrain was considered in Fig. 3-1 in strain space and our analytical 
prediction provided reasonably results. To show that the effects of various prestrains are 
captured by the analytical model, see Figs. 3-3 to 3-5. Note that for clarity, not all 
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Figure 3-3: Prediction of strain path dependence of strain based forming limits for planar 
(P) prestrain cases. 
Notice that the shifting and shape change trends of the strain based FLCs have been 
captured by the analytical model for the plane and uniaxial prestrain cases and that the 
predicted curves match the experimental measurements reasonably well. Further details 
related to the shifting and shape change trends of the strain based FLCs will be provided 
in Chapter 5 when the effect of prestrains is systematically investigated. For the equi-
biaxial prestrain cases (Fig. 3-5), while the model captures the shape change trend, the 
shifting of the strain based FLCs deviates from the experimental results for the highest 
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Figure 3-4: Prediction of strain path dependence of strain based forming limits for 
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Figure 3-5: Prediction of strain path dependence of strain based forming limits for equi-
biaxial (E) prestrain cases. 
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There are several possible causes for the discrepancies observed between the 
experimental and analytical predicted results. First, as a material is prestrained, its 
material properties will change. Thus, the anisotropic and hardening parameters must be 
updated for each prestrain condition. However, our analytical model simply uses the no 
prestrained material properties as additional data related to the prestrained material 
properties is not available. Another possible cause of the discrepancies is the inherent 
assumptions within the hardening and plasticity material models. For instance, a power 
hardening law was used to characterize the experimental tensile test data [1]; however 
different hardening models may match this material behavior more accurately. In 
addition, better plasticity models with higher order exponents (compared to the exponent 
of two for the Hill's anisotropic yield criterion) could be used. Possible investigations 
with various material models are discussed in Chapter 8 Future Work. Finally, at larger 
prestrain values, the material is already strained close to failure. Thus, kinematic 
hardening upon reloading will cause higher than anticipated strain values (see e.g., the E3 
curve in Fig. 3-4). 
3.2 Discussion 
It is acknowledged that better yield criterion and hardening models exist for the 
description of aluminum alloys. Hill's general anisotropic yield criterion and a power 
hardening model were used for the purpose of describing the model with a closed form 
solution. Based on previous results [4, 10, 13], the incorporation of different models 
would show similar effects. 
17 
The analytical and experimental results of the strain based FLCs (Fig. 3-1) begin to 
deviate with higher minor strain values (i.e., the right side of the strain based FLD). 
Previous work with our model other materials has shown a similar effect [14]. This could 
be because as the stress applied becomes more biaxial in nature, the assumption that the 
strains in the minor direction inside and outside of the defect are equal is no longer valid. 
Because all strains are known, the relative initial defect size can be calculated as follows. 




where 10A and 10B are relative lengths in region A and B respectively (see Fig. 2-1). With 
higher biaxial stress states, the initial size of the defect (region B) becomes on the order 
of the size of region A (see Fig. 3-6), therefore, again on the right side of the strain based 
FLD, the assumption that a small area of failure exists is no longer valid. Future work 
will modify the analytical model to address this concern. 
18 
50 100 150 200 250 300 350 400 
Minor True Stress at Failure (MPa) 
450 
Figure 3-6: Relative initial defect size plotted against minor true stress at failure. Note 
that the required initial length of the defect becomes on the order of the length of the 
overall material for high minor stresses. 
19 
CHAPTER 4 
EFFECTS OF M O D E L PARAMETERS 
4.1 Effect of Stress Concentration Factor, F 
The failure defining parameter of our model is the stress concentration factor F (the ratio 
of O"A to OB). The model assumes that failure in sheet material is caused by a localized 
stress concentration in the failure location (region B, see Fig. 2.1), F < 1. The F 
parameter is the physical characterization of how much concentrated stress the material 
can accommodate prior to plastic instability. Figures 4-1 and 4-2 show the effect of 
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Figure 4-1: Effect of F parameter on analytically predicted strain based FLC (K = 539 
MPa, n = 0.285). 
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The F parameter has a significant effect on the strain based FLC. The higher the F 
parameter, the more formable the material (i.e., the higher the strain values obtained). 
Thus, it is critical to characterize this parameter properly. While not studied as of yet, the 
F parameter may be a material property. That is, different materials will be able to 
withstand different concentrations of stress prior to instability, therefore requiring 
different F parameters. Collaborations with NIST, using their X-ray diffraction method 
for measuring stress during deformation, will be used to further investigate the F 
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Figure 4-2: Effect of F parameter on analytically predicted stress based FLC (K = 539 
MPa, n = 0.285). 
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Note that the shape of the stress and strain based FLCs remain relatively consistent as the 
stress concentration factor is varied. Also, note that the lowest major strain location does 
not occur at a plane strain condition based on the model results. 
4.2 Effect of Anisotropic Coefficient, R 
When using Hill's general anisotropic yield criterion in the M-K model, the averaged 
anisotropic parameter (R = (ro+2r45+rgo)/4) has a significant effect on the strain based 
FLD [4, 10]. The larger the R parameter, the "flatter" the curve becomes on the right 
hand side and the lower the major strain. A similar effect is observed in our model's 
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Figure 4-3: Predictions of strain based FLCs for different anisotropic parameters (K = 
539 MPa, n = 0.285, F= 0.9). 
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The anisotropic parameter also has a significant effect on the stress based FLC (see Fig. 
4-4). With higher R values, higher major stress values can be achieved. Note that this is 
opposite to Fig. 4-3 where higher R values produced lower major strain values. Thus, the 
amount of stress achieved by a material gives no visual indication of the amount of 
achievable strain as the material properties affect the results. The Discussion section 
















R = 0 .75 , / 
, 1 , ^ .— 
3 100 200 300 
Minor True Stress 
~^R = 0.25 
i 
400 
Figure 4-4: Predictions of stress based FLCs for different anisotropic parameters (K 
539 MPa, n = 0.05, F= 0.9). 
It should also be noted that the dependence of the strain based FLD on the R value has 
not been observed experimentally. In fact, these effects will degenerate to a single curve 
when using a higher order version of Hill's general anisotropic yield criterion in the M-K 
model [4]. Future work will investigate these effects for our model. 
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4.3 Effects of Hardening Parameters 
An interesting effect of the power hardening law in our model is that the hardening 
coefficient does not affect the strain based FLC (see Fig. 4-5). When predicting the strain 
based FLC, our model would then only require the anisotropic parameters and the strain 
hardening exponent. 
Minor True Strain 
Figure 4-5: Analytical investigation of the effect of power hardening coefficient on strain 
based FLC (« = 0.285, F = 0.9). 
As expected, the stress based FLC shifts upward when the K parameter is increased (see 
Fig. 4-6), while the shape of the curve is maintained. These results are not surprising 
when considering the effect of this parameter on the power hardening law. Increasing the 
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K will raise the stress-strain curve, but does not affect the amount of strain reached at 
plastic instability. 
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Figure 4-6: Analytical investigation of the effect of power hardening coefficient on stress 
based FLC (n = 0.2, F= 0.9). 
The opposite effect is observed when considering the effect of the strain hardening 
exponent. The n parameter describes the strain hardening behavior of the material and 
affects the amount of plastic deformation prior to plastic instability. Little effect is 
observed on the stress based FLC when n is varied, while the strain based FLC is 
significantly changed (see Fig. 4-7). Again, this is because the n parameter describes the 
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Figure 4-7: Analytical investigation of the effect of strain hardening exponent on stress 
(above) and strain (below) based FLCs (K = 539 MPa, F = 0.9). 
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4.4 Discussion 
It is important to note that when considering the stress based FLCs for different materials, 
which material is more formable (i.e. can achieve higher strain states) can not easily be 
discerned. The relationship between the curves in stress and strain space is dependent on 
material properties (e.g., see Figs. 4-1 to 4-7). This point illustrates that the stress based 
FLC will not be a substitution for the strain based FLC, since knowledge of formability is 
often of interest. However, the stress based FLC, although not useful in assessing 
formability, will provide a less deformation path sensitive failure criterion in finite 
element simulations when strain paths are varying. In addition, the stress based FLD 
only provides a prediction for failure due to tearing. If another failure concern exists (i.e. 
buckling, wrinkling) an alternative failure criterion must be taken into account. 
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CHAPTER 5 
EFFECTS OF PRESTRAIN 
5.1 Prediction of Prestrain Shifting 
As shown previously in Figs. 3-3, 3-4, and 3-5 the strain based FLCs will shift and 
change shape when the prestrain parameters are varied. To investigate these effects 
systematically, cases of planar, uniaxial, and equi-biaxial prestrain are considered in the 
analytical model. Unlike Graf and Hosford's experiments [1], our model has the ability 
to predict these effects for any case of prestrain rather than conducting extensive dome 
forming experiments. Note that the stress concentration factor in these analyses was 
chosen to be 0.9 so that the strain based curve produced has a sharper minimum point as 
observed in Fig. 4-1. 
5.2 Shifting due to Planar Prestrain 
In the case of plane prestrain, the material is strained in only one principle direction, 
while the other direction has zero prestrain. When incrementing the major prestrain (i.e., 
the prestrain is in the same direction as the subsequent major strain axis), the shape of the 
curve changes significantly with "sharper" curves (i.e., the magnitude of the curve slope 
increases) for higher prestrain values (see Fig 5-1). This implies that the material 
28 
becomes more formable in these strain states. It is interesting to note that the failure 
points in plane strain (e.g. when the curve crosses the major strain axis), are identical. 
This is not surprising as the strain path is consistent, thus failure will occur at the same 
plane strain location. The minimum point (FLD-0) on the curve however, seems to shift 
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Figure 5-1: Predictions of dependence of strain based FLCs with plane prestrain 
longitudinal to the major strain direction. 
The opposite of this prestrain case would be prestrain transverse to the subsequent major 
prestrain, i.e., the major prestrain is zero and the minor prestrain is incremented. Not 
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only does the shape change as in the previous case of prestrain with sharper curves for 
higher prestrains, but the curve shifts significantly (Fig. 5-2), with the e2 FLD-0 location 
corresponding to the amount of minor prestrain in the material. An interesting effect is 
that the shape change is almost identical to the change observed in the longitudinal 
prestrain case. Figure 5-3 shows two of these prestrain cases shifted to fall on top of each 
other. The slight deviation that occurs at higher equi-biaxial strain states could be due to 
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Figure 5-2: Predictions of dependence of strain based FLCs with plane prestrain 
transverse to the major strain direction. 
In addition, a pattern is seen in that the s2 FLD-0 location corresponds to the amount of 
minor prestrain in the material. To further illustrate this point, consider Fig. 5-4. Notice 
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that the slope of the curves is nearly unity. This supports the previous statement of the 82 









— Transverse Prestrain 
--Longitudinal Prestrain 
-0.1 -0.05 0.2 0.25 0 0.05 0.1 0.15 
Minor True Strain 
Figure 5-3: The predicted snape cnanges or longitudinal and transverse plane prestrain 
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Figure 5-4: The predicted shifting of the S2 FLD-0 location with prestrain transverse to 
the major strain direction. 
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Another pattern that can be noted is the shifting of the Si FLD-0 location. These are 
directly proportional to the amount of minor prestrain. For each increment of minor 
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Figure 5-5: Shifting effect of the ei FLD-0 location due to plane prestrain transverse to 
the major strain axis. 
5.3 Shifting due to Uniaxial Prestrain 
For the case of uniaxial prestrain, the material is strained positively in one direction, and 
consequently, the strain in the transverse direction is negative. Each case of uniaxial 
prestrain in the major strain direction will have a subsequent negative minor prestrain, 
and vice versa. The anisotropic parameters ro and rgo are the ratio of the width strain to 
the thickness strain in the major and minor directions respectively. The relationships to 
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determine the negative prestrain based on the positive prestrain for uniaxial prestrain 
cases are 
s2 = -ex l + rn 
(5-1) 
6\ ~ £2 
'90 
1 + n 
(5-2) 
90 
for the major and minor prestrain directions respectively (see Table 5-1 for the prestrain 
cases considered). 
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Table 5-1: Uniaxial prestrains cases considered. 
For the case of increasing uniaxial prestrain longitudinal to the major strain direction, the 
strain curve shifts up and to the left and sharpens (see Fig 5-6). The leftward shift (the 82 
FLD-0 location) follows the minor prestrain in the material as was the case with the plane 
prestrain cases (see Fig 5-7). The shifting upwards of the si FLD-0 location corresponds 
to a shifting of 10% of the amount of major prestrain in the material (i.e. increasing the 
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Figure 5-6: Predictions of dependence of strain based FLCs with uniaxial prestrain 












Minor True Prestrain 
Figure 5-7: The predicted shifting of the 82 FLD-0 location with uniaxial prestrain 
longitudinal to the major strain direction. 
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Figure 5-8: Shifting effect of the 81 FLD-0 location due to uniaxial prestrain longitudinal 
to the major strain direction. 
For the case of uniaxial prestrain transverse to the major strain direction (see Fig 5-9), the 
curves shift down and to the right. Again the 82 FLD-0 location follows the minor 
prestrain closely (see Fig. 5-10), and the shifting on the major axis is related to the 
prestrain (see Fig. 5-11), but not directly. This is again in line with what has been seen 
experimentally. It is now known that there exists some specific relationship between 
prestrain and shifting for these cases. Further investigation will attempt to predict the 
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Figure 5-9: Predictions of dependence of strain based FLCs with uniaxial prestrain 
transverse to the major strain axis. 
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Figure 5-10: The predicted shifting of the 82 FLD-0 location with uniaxial prestrain 
transverse to the major strain direction. 
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Figure 5-11: Shifting effect of the ei FLD-0 location due to uniaxial prestrain transverse 
to the major strain direction. 
5.4 Shifting due to Equi-Biaxial Prestrain 
A combination of these two effects is observed with equi-biaxial prestrain. The curve 
shifts and changes shape with higher levels of equi-biaxial prestrain (see Fig 5-12). The 
curve shifts downward and to the right while the shape change is even sharper than the 
plane strain cases. Figure 5-13 shows curves from plane, uniaxial, and equi-biaxial 
prestrains to 0.15 shifted so they are superimposed to show the more drastic shape 
changes. The reason for this could be the changing anisotropic parameters when 
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Figure 5-13: Superimposed curves of 0.15 strain to show drastic shape change with equi-
biaxial prestrain. 
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The effect of the £2 FLD-0 location being dependent on the minor prestrain in the 
material also still seems to hold evident for these cases. This is evident in Fig 5-14 as the 
slope approaches unity for higher prestrains. With the lower prestrains, the curve tends to 
be flatter. This can be attributed to the E2 FLD-0 location not actually falling on the 
major true strain axis in the case of zero prestrain. The shifting of the ei FLD-0 location 
does not follow the result of the planar prestrain case (see Fig. 5-15). 
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Figure 5-14: The predicted shifting of the £2 FLD-0 location with equi-biaxial prestrain. 
Note that all of the equi-biaxial curves converge on one point. Consider the case of plane 
prestrain in longitudinal to the major strain direction. All the curves crossed the major 
strain axis at the same point because the strain path was unchanged. This is again the 
reason for the convergence on this equi-biaxial point. 
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Figure 5-15: Shifting effect of the si FLD-0 location due to equi-biaxial prestrain. 
5.5 Conclusions of Prestrain Shifting 
To summarize the effects of prestrain on the model, with plane strain longitudinal to the 
major strain direction, the FLD-0 point is stationary while the shape of the curve becomes 
sharper (i.e., more "v" shaped) allowing for higher strains. In the case of plane strain in 
the transverse direction, the FLD-0 point shifts downward and to the right, corresponding 
with the amount of prestrain in the material. The shape of the curve also again becomes 
shaper in exactly the same fashion as the longitudinal plane prestrain case. In the case of 
uniaxial prestrain transverse to the major strain direction, the curve shifts down and to the 
right. The rightward shift corresponds directly with the amount of prestrain in the 
material. In the case of uniaxial prestrain in the transverse to the major direction, the 
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curves shift up and to the left. With this case, the upward shifting corresponds with the 
amount of major prestrain in the material. With equi-biaxial prestrain, the curve shifts 
down and to the right, but with a lesser slope than the plane strain case for lower prestrain 
cases (see Fig. 5-14). The shape becomes sharper even more than the effects observed 
with plane and uniaxial prestrain cases. There is seemingly little correlation between the 
amount of equi-biaxial prestrain and the shifting effects. Finally, note that all of these 
effects are only observed on the strain based FLCs. All of these curves were determined 




6.1 Biaxial Device Setup 
To date the stress based failure criterion for flat sheet material has not been 
experimentally demonstrated. An experimental demonstration is needed so that the 
degeneration of the strain curves can be completely shown to be fully independent of the 
assumptions made by the plasticity and hardening model. To rectify this, a biaxial 
tension test device is being developed to experimentally investigate the stress based 
failure criterion and to provide necessary data to exploit this material characteristic. The 
device will also be capable of validating the developed analytical model. See Fig. 6-1 for 
a picture of the device to date. Unlike the dome forming experiments, the in-line load 
cells will allow for the measurement of load from which stress can be inferred. Another 
issue with the dome forming experiment is that friction with the dome can play a role in 
the failure of the material. In addition, bending deformation is also occurring. These will 
not be present with the biaxial device setup. Devices with four hydraulic cylinders to 
apply biaxial loading to a cruciform specimen have been produced in the past to study the 
yield surface of materials; however, the device in this research is unique in the fact that 
closed-loop control of both stress and strain deformation paths and loading to failure will 
be attainable. 
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Figure 6-1: Current, biaxial device setup. 
6.2 Specimen Design 
The success of the biaxial tension test device is highly dependent on the cruciform 
specimen used in the process. To control the failure location in the specimen, a reduced 
thickness center test area must be created. The arms of the specimen also must have 
small slits so that stress concentrations in the corner regions of the specimen are 
prevented. The equivalent stress in the test area must remain uniform throughout the 
process to validate the assumption of plane stress (stress through the thickness, 0-3=0) in 
the model. See Fig. 6-2 for an example of the cruciform specimen to be used in the 
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Figure 6-2: Cruciform specimen to be used in biaxial tension device. 
Previous work has been done on the shape of the central test region [11]; however an in-
depth investigation of the slots in the arms had not been done previous to this work. The 
MSC/Marc finite element software was used (see Fig. 6-2) to investigate the effects of 
the number of slots (3, 5, or 7), the slot width (1 or 2 mm), and slot length (60 or 90 mm). 
Because the specimen is cruciform and loading is equal on each axis, symmetry is 
assumed, only one quarter (top right) of the entire specimen is used for analysis. The 
assumption of symmetry requires the addition of several boundary conditions along the 
symmetric axes. The model must also be constrained perpendicular to the symmetric 
axes so that no motion is allowed in these directions. Where the axes meet, both x and y 
are constrained. Equal loading along each arm edge was applied to achieve the 
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maximum state of stress in the test region. Figure 6-3 shows the specimen with no slots. 
It should be noted that the stress concentration in the test region is not uniform. This 











Equivalent of Stress 
Figure 6-3: Plot of the equivalent stress (von Mises) of a specimen with no slots to 
alleviate stress concentrations. 
Results of the analysis have shown that 7 2x60mm slots do the most efficient job of 
alleviating the stress concentrations. Figure 6-4 shows the stress in the center test region 
to be close to uniform. Since this is the highest region of stress, it can be expected that 
the material would fail in the center test region. If after experimentation, the specimens 
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are shown to fail outside of the test region, further analysis could include cases of non-
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Figure 6-4: Plot of the equivalent stress (von Mises) in the test region with 7 60x2mm 
slots. 
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6.3 Data Acquisition System 
The current setup of the device allows for measurement and data acquisition of the load 
applied by each hydraulic cylinder, the pressure in the cylinders, and the position of the 
cylinders. The pressure sensors are GEMS SENSORS ® (Series 2200/2600X the load 
cells are Transducer Techniques ® (Model DSM-5K), and linear variable displacement 
transducers (LVDTs) are Honeywell ® (Model JEC-AG). All of the outputs from the 
sensors are connected to a National Instruments ® data acquisition card (PCI-6033E) that 
is capable of capturing measurements at 1 kHz. The data is captured and saved for post 
processing using a program written in Lab View (see Appendix). 
6.4 Feedback Control 
As previously mentioned, the biaxial device will use closed loop control to manipulate 
the stress and strain deformation paths of the sheet materials. This will allow for both the 
stress based failure criterion and the strain path dependence to be investigated. 
Specimens will be loaded under various stress paths, and it will be demonstrated that, 
regardless of the loading path followed, the stress state at failure will be the same on the 
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Figure 6-5: Examples of (a) linear and (b) bi-linear stress paths to demonstrate path 
independence of the stress based FLC. 
It is critical when investigating the various stress paths that the hydraulic cylinders on a 
given axis pull with the same force and at the same rate. If the center test section of the 
sheet translates, additional shearing forces would be applied causing a higher equivalent 
stress state and possibly non-uniform stress in the test section. The analytical model to 
predict the stress based FLD as well as the model that converts a strain based FLD to 
stress space are both based on the assumption that the material is in a state of plane stress 
(i.e. 0-3 = 0) which is a reasonable approximation in sheet metal forming. With an 
additional shear, this would not be the case. 
To insure that equal force is applied on an axis and no translation of the specimen occurs, 
closed loop position control will be used with a Rexroth ® HACD-1 Digital Control Card 
and a PID controller in a "master-slave" control set-up. Position, as opposed to force 
control, will be used to better manipulate the cylinder motion at failure when a dramatic 
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change in force values will occur. The LabView software with a PCI-6073 output card 
will output voltages to hydraulic proportional valves which control the "master" cylinders 
on each axis. The HACD-1 will monitor the position of both cylinders on a given axis 
and output the proper voltage to run the "slave" cylinders in synchronous motion. See 
Fig. 6-6 for a control system block diagram for the slave cylinder on a given axis from 
MATLAB/Simulink software. 
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Figure 6-6: Block diagram of control loop used to control system. 
Currently, the device has been set up to perform uniaxial tensile tests. First, data must be 
taken in order to choose the proper gains for the PID controller. These gains will vary 
with the material being characterized, as each material is expected to respond differently 
to the applied loading because each material has unique properties that respond to strain 
rate and hardening. Figure 6-7 shows the position error between the master and slave 
cylinders on a given axis during a uniaxial tension test with a loading rate of 0.01 in/sec 
and PI constants of 30 and 30 respectively. The D parameter is not used because 
sufficient damping exists and the response of the system is fast enough to correct the 
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error. The spike at the right hand side of the plot corresponds to the point at which the 
specimen failed. If the loading rate is varied, the P and I (and possibly D) values may 
need to be updated accordingly to account for the changed material response. Thus, 
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Figure 6-7 Position error signal during a uniaxial tensile test. 
Further tuning of the controller could result in better agreement in cylinder position; 
however, with these results it has been shown that this method of tuning will be adequate 





Prior to this research, no analytical models existed for the direct prediction of a general 
stress based FLD. This thesis presents a closed form, analytical solution for the 
prediction of stress based as well as strain based FLDs. The model was shown to 
reasonably match experimental data in both stress and strain space. In addition, the 
model reasonably predicts the shifting and shape change behavior of the strain based 
FLCs due to various prestrains and was used to systematically explore this phenomenon. 
The effects of material parameters on the model also were investigated and shown to 
match previous work that predicted a strain based FLD. The need for a biaxial device to 
experimentally determine the existence of the stress based FLD has also been discussed. 
Further refinements of the device are needed before initiating biaxial experiments. Upon 
completion of this work, the stress based FLD can be used as a universal failure criterion 
in numerical simulations of a forming process during the design stage. With better 




8.1 Model Improvements 
As mentioned previously, Hill's anisotropic yield criterion provides a closed form that is 
convenient for demonstration of our analytical model. More advanced yield criterions 
exist that are able to describe materials more accurately. For example, Barlat [17, 19] has 
done extensive work on the development of yield criterion that describes the behavior of 
Aluminum alloys. Equation 4-1 describes the yield surface for Barlat's '89 yield 
criterion. 
v=(<T™(a + aam+(2-aXl-hay"))"n (4_i) 
where m = 8 for Aluminum alloys. The parameters a and h are given by: 
a = 2 - 2 ' *° **• 
W + R0\ + R9Q (4-2) 
h= I -Ad 1 + ^90 
il + R0 R90 
This higher order yield criterion would require an iterative technique to solve for the 
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stress and strain ratios which would cause the computations to become more intensive, 
but not impossible. Work has already begun on the incorporation of such a model. 
In addition to the plasticity model, the power hardening law in this analysis is not always 
the best model for Aluminum alloys. Previous work [14] has incorporated a Ghosh 
hardening model [18] with reasonable results. The incorporation of a hardening model 
that better describes Aluminum (i.e. Voce [20], etc.) could provide better agreement with 
the experimental data; however, a better understanding of these models is needed. 
Although described in this thesis in detail, a better understanding of the effect of prestfain 
on the strain based FLCs will be investigated. Full knowledge of the material parameters 
and their effects will be necessary for the complete prediction and understanding of these 
effects and why they physically occur. 
8.2 Biaxial Device Improvements 
Improvements to the biaxial device are also required. Obviously, a second axis of 
loading beyond the single axis achieved to date must be incorporated for biaxial loading. 
A better understanding of the controls in the system could provide for more accurate 
tracking response. Work has already begun on the creation of a second device for use 
with an X-ray diffraction system to measure stress during deformation at NIST. This 
device will also improve on the current grippers. In addition it is planned to incorporate a 
digital imaging correlation system so that the stress and strain could be measured 
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simultaneously during deformation. This would allow for the collection of experimental 
data for both a stress and strain based FLC. With these, one would be able to use a 
conversion technique as described to realize an appropriate plasticity and hardening 
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